For the systematic materials research for advanced energy systems, integrated research facilities are essential. As the part of the SPIRE Center, IAE, Kyoto University, Dual-ion irradiation experimental facility for energy research, DuET, has been established and operated. Its outstanding advantages are its wide flexibilities and excellent controllabilities in radiation damage studies. The design concept and the current features of the DuET facility are introduced followed to the brief introduction of the SPIRE center. Its contribution to the radiation damage studies is presented connecting with the DuET characteristics. As the typical outputs from the DuET, radiation damage effects on SiC/SiC composites, reduced activation ferritic steels, are provided. As the powerful tool to simulate neutron damage as functions of neutron energy, neutron flux, neutron fluence, irradiation environments and their combinations, application methodologies of DuET are presented and the clear insights of the radiation damage processes only obtainable from this facility are indicated.
Introduction
The development of advanced energy materials is a key to the realization of advanced energy systems with achieving balance among our increasing need for energy at reasonable prices, our commitment to a safer, healthier environment and our goal to reduce dependence on potentially unreliable energy suppliers. There have been many efforts to develop new energy systems including nuclear, solar, geothermal, wind, biomass, where the ultimate importance of nuclear power supplies, including nuclear fusion power, has been recognized. The recent activities on the generation IV nuclear reactor R & D and on fusion power reactor R & D are also emphasizing the importance of material development. Where neutron damage is the biggest technical challenge since it has been demonstrated to result in unacceptable ductility loss, dimensional instability, radiation induced radio-activity and thermal conductivity degradation in certain existing engineering materials. [1] [2] [3] [4] Recent efforts on nuclear materials R & D have been making remarkable progresses and adequate neutron irradiation facilities have been strongly required for the further progress in the most efficient and reliable way. However, many major fission neutron irradiation facilities are at the risk to be shut-down in the near future and International Fusion Materials Irradiation Facility (IFMIF) project is still on the way to the final engineering design. [2] [3] [4] [5] Under this situation, charged particle/materials interaction research has to be responsible for contributing to advanced energy materials R & D. To satisfy these requirements the most advanced new facility, Multiple Beams-Material Interaction Research Facility (DuET facility) at the Institute of Advanced Energy, Kyoto University has been established. 6) Charged particles/materials interaction research consists of three major elements done by charged particle bombardment, those are; (1) Modification of microstructure/microchemistry, (2) Introduction/induction of fluctuation/change for analysis of materials behavior and (3) Analysis of microstructure/microchemistry. New multiple-beam facility, like DuET, provides these functions with high-accuracy, high controllability and wide flexibility, simultaneously. IAE, Kyoto University has an integrated research facility for advanced energy research, called as SPIRE (Solar Plasma Energy Integration Research) Center, as shown in Fig. 1 . SPIRE Center consists of three major units, such as HEIFER (Helical Integration Facility for Energy Research), PAMPAS (Particle-Materials Interaction Process Analysis Systems) and MUSTER (Multi-scale testing and evaluation research) facility. DuET facility is a part of PAMPAS.
Highly Controlled Dual-ion Irradiation as a New Tool for Energy Materials Research
Radiation damage studies with charged particles, particularly dual beams composed of helium and heavy ions, have been providing many insights about microstructural evolution induced by displacement damage and transmutant gases. [7] [8] [9] These have been contributing to understand many complicated results from fission reactor irradiation with many not-well-defined irradiation parameter instabilities. Also the excellent controllabilities in irradiation parameters and wide flexibilities in those parameter, those are not available for reactor irradiations, have been the biggest attractiveness. Figure 2 provides the information of the representing irradiation facilities currently available, showing reasonable experimentation areas. This is indicating the insufficiency of the neutron irradiation facilities for nuclear reactor materials research even simply from temperature vs. fluence variation. As the other important factor to evaluate neutron energy dependence, helium production/dpa flexibility is desirable as wide as possible to cover from epi-thermal to higher than 14 MeV fusion neutrons. More than a decade HIT-facility of the University of Tokyo, which was designed and constructed by one of the authors and his colleagues, has been providing important information and insights about synergistic effects of displacement damage and transmutation damage on fusion materials caused by 14 MeV fusion neutrons. Under the experiments in fission reactor, some kinds of simulation of synergistic effects of displacement damage and transmutation damage can be made, such as DHCE (Dynamic Helium Charging Experiment), isotopic tailoring experiments using developed with collaboration between Kyoto University and HVEE. 8) To achieve a very small footprint of 1 m Â 2 m, the terminal voltage power supply was constructed coaxial around the accelerator tube. The terminal houses a RF positive ion source (HVEE model SO-173) that is mounted directly on the accelerator tube, two gas bottles and a necessary RF power supply. High-energy positive ion beams are also trimmed by an analyzing switching magnet, an electrostatic quadrupole triplet lens and a beam-sweep system, and are lead to target chambers. With these two accelerators, very high dose dual-beam irradiation to the material with self ions becomes possible.
Three beam lines are connected to analyzing magnets placed after the high energy ports of the accelerators. BLT-1 and -2 are connected to the tandem accelerator and BLS-1 to the single-end one. BLT-1 and BLS-1 are equipped with precision beam steerers and high scanning rate beam scanners. The beam scanners have been used to obtain broad and uniform beam profiles as well as to precisely control the current density of the accelerated beams. The accelerated beam transported by BLT-2 is used through a two-dimensional micro-slit at the end of beam line. The scanned beam profiles are accurately measured using retractable twodimensional micro Faraday-cup arrays.
In DuMIS (Dual-beam materials irradiation station), a rotating thin-foil type beam energy degrader is installed on the single-end accelerator beam course, so that the constant helium-to-dpa ratios can be obtained within a certain range of the target materials. Other target chambers are called HiMAS (High-temperature materials analysis station) and STICS (Single-beam tensile irradiation creep station), respectively.
Studies on Microstructure Evolution Under Dual-ion Irradiation
DuMIS is for irradiation and implantation studies of materials. Its dual-beam capability is primarily for the studies on synergistic effects of atomic-displacement damage and gaseous transmutant production in materials under neutron exposure. [9] [10] [11] [12] In particular, helium is assumed to be the primary source of the prominent synergistic effects, because of its very low solubility in solids and strong interaction with lattice vacancies.
13) The general trend that the helium-to-dpa (displacement per atom) ratio increment enhances void nucleation shows the deep trapping of helium atoms at vacancies. [14] [15] [16] The maximum specimen temperature in DuMIS is 1773 K, which is well beyond the anticipated highest operation temperature of ceramic structures for nuclear applications. 17) An example of Ni ion irradiated microstructure of SiC is shown in Fig. 4 . The profile of ion damage and deposition profile are also shown in Fig. 5 , for the case of dual-ion irradiation. Putting together this information, from one tiny sample, a typical size of 3 mm in diameter and 0.3 mm in thickness, flux/fluence dependence of point defect accumulation behavior, threshold fluence of amorphization and deformation caused by volume increase in amorphous region into un-damaged region beneath the damaged region can be clearly analyzed. Figure 6 presents the comparison of dualion irradiation results on temperature dependence of swelling with neutron data indicating good quantitative similarities. 18) These results provide an important insight that swelling at elevated temperature monotonically decreases up to 1873 K by displacement damage only. Under helium production together with displacement damage, swelling shows positive fuluence dependence at temperature higher than about 1100 K due to continuous growth of cavities. Cavity micro- structures are shown for various Si 2þ -ion doses and He/dpa ratio in beta-SiC irradiated at 1673 K in Fig. 7 . Nano-scaled bubbles (cavity diameter<5 nm) were observed densely, and with increasing displacement dose growth and migration of bubbles were indicated. Coexistence of bubbles with large cavities in SiC so-called ''bimodal distribution'' was observed at 100 dpa in irradiation condition of 60 appmHe/dpa, and at 60 dpa and 100 dpa in 1000 appmHe/dpa. There is a clear indication of the underlying dislocation structure evolution effects on the cavity microstructure evolution. Figure 8 presents dislocation image of the same set of specimens with additional single-ion results. All images were obtained from foil tilted onto a h110i zone axis. The defects in single-ion irradiated SiC are Frank loops. The defects in dual-ion irradiated SiC depend on He/dpa ratio, where prismatic loops and dislocation networks are representing in 60 appmHe/dpa condition. This is a well known microstructural evolution behavior of Frank loops to dislocation network formation through unfaulting and loop-loop inter- (a) (b) Fig. 9 Cross sectional TEM image of C/SiC multilayer interphase in Tyranno-SA/ML/CVI-SiC composite irradiated up to 100 dpa at 1673 K.
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[011] actions. The 1000 appmHe/dpa condition is an extreme condition to see helium effect and the survival of large Frank loops might include helium effects on loop growth and on threshold loop size for unfaulting. 19) Many efforts to investigate microstructural evolution in SiC/SiC composite materials (silicon carbide continuous fiber reinforced silicon carbide matrix composite) under dualion irradiation have been carried out and the importance of mutual effects among fiber, matrix and interface on behaviors of radiation induced lattice defects. [20] [21] [22] As a typical example of damage structure, cross sectional TEM image of C/SiC multilayer interphase in Tyranno-SA/ML/CVI-SiC composite irradiated up to 100 dpa at 1673 K is shown in Fig. 9 . 23) Each layer of the interphase was not completely destroyed at 100 dpa, as was indicated by the previous work. 22) Also, no significant expansion was observed but the thickness of thin carbon layers were reduced with increasing displacement damage. Beam mixing of carbon layer was significant and swelling in SiC layer due to helium cavity formation was also detected.
Another dual-beam target, HiMAS, is essentially a versatile chamber and the subsidiary system for multi-beam material analysis and irradiation. The temperature range of the specimen under analysis will be 4-2073 K. The environ- ment could be high vacuum, helium, oxygen, etc. The gas pressure could be as high as 10 À2 Pa, although it depends on the temperature and the beam loading condition. One of the special features of this target station is the in-chamber specimen surface cleaning using a low energy (<5 keV) medium current ion gun. The material analysis techniques to be implemented include Rutherford (and non-Rutherford) backscattering spectrometry (RBS), elastic recoil detection analysis (ERDA), mass spectrometry, ionoluminescence, photoluminescence, laser ablation and X-ray spectrometry (PIXE). 24) 
Studies on Microstructure and Mechanical Property Correlation in Materials with Radiation Damage
A quest to establish clear understandings of deformation and fracture mechanisms in materials, based on clear microstructural evidences has been one of the major subjects for materials scientists. Although there have been many attempts, they have not been quite satisfactory and the efforts on this are still very actively on going.
Focused ion beam (FIB) processors, originally developed for the fine scale processing of electronic devices, are now widely used for the thin foil preparation of specific area of interest for transmission electron microscopy (TEM). The benefits of the new technique have been and are being demonstrated for microstructure and mechanical property correlation studies of materials with radiation damage.
The microstructural analysis of the deformed areas beneath ultra micro indentation imprint have been done for CVD-SiC, SiC/SiC composites, SUS 304 and its model alloys and reduced activation ferritic steels for fusion application with and without ion/neutron irradiations. [25] [26] [27] The results have been providing many insights about the deformation mechanisms with clear information about dislocation/point defects/defect clusters interactions. An example of deformation dislocation microstructure in SUS-304 introduced by micro indentation test is shown in Fig. 10 . By the indentation load of 2.94 mN, dislocations were introduced beneath the indenter with [011] primary glide directions. The dislocations were terminated within the region not deeper than 2.5 mm below the indenter tip that is nearly ten times larger than the size of indent. This is consistent with the well-known minimum requirement of specimen thickness, larger than 10 times of indent size. The effect of Ni-ion irradiation to cause radiation hardening is shown in Fig. 11 . Comparing with Fig. 10 , the increase of indentation load from 3 to 10 mN did not increase the size of deformed region and the depth of the deformed region corresponds to the depth of radiation damaged region. This is the clear evidence that the radiation induced point defect clusters acted as the barriers to dislocation motion, thus hardening happened. An example of load-displacement curve from the indentation test is also indicating the radiation induced hardening near the surface. A similar effect can be seen in SiC samples with and without dual-ion irradiation, as in Fig. 12 . 28) In beta-SiC without radiation damage, cracks induced by nano-indentation propagated radial, whereas, with Dual-ion irradiation to 10 dpa at 873 K, cracks propagated perpendicular to the sample surface within very narrow region beneath the indenter and furthermore many cracks deflected parallel to the sample surface within the region with dual-ion damage. In this case, radiation induced hardening measured by nano-indentation was not so significant and the current interpretation is that the effect of induced shear stress from localized volume change might be the origin of this crack propagation behavior. Figure 13 is an example of void-dislocation interaction under deformation by indentation. From this test, precise information about interactions with variations of crystalline direction, microstructural features, dislocation natures, cavity size/geometry and others have been indicated. 29) Although cavity swelling in reduced activation ferritic steel, like JLF-1, is known to be quite small comparing with austenitic steels, 30, 31) the recent result on cavity swelling in JLF-1 to 60 dpa with 15 appm He/dpa ratio at 743 K indicates a clear bi-modal cavity formation as shown in Fig. 14. 
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Conclusion
Charged particle/materials interaction research for the advanced energy materials research is introduced with the emphasis on the application to nuclear materials R & D. Followed to the brief introduction about many aspects of multiple beams/materials interaction research, as the most advanced new facility, DuET facility at Institute of Advanced Energy, Kyoto University is introduced. Charged particles/materials interaction research under the appropriate mix and balance may produce very important information and insights for fundamental radiation study and for energy materials R & D.
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